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ABSTRACT 



Scientific language is not simply for recording facts but it 
is also an instrument of thought. It has a central role in not only 
developing a sense of social identity for members of the scientific community 
and students in the classroom but also in inculcating views on the nature of 
science and reality itself. Physicists have created a language in which the 
fundamental components and symmetries of the world cannot be observed. It is 
not the case that there is a non-metaphorical physics that has to be made 
intelligible using figurative language- -analogy and metaphor are inherent in 
the nature of physics. Figurative thinking lies at the heart of scientific 
thinking. Some results of an empirical investigation of students' conceptions 
of figurative language are described following an analysis of the nature of 
metaphors, analogies, and models. Contains 55 references. (Author /NB) 
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But the greatest thing, by far, is to be a master of met^hor. It is the one thing that 
cannot be learnt from oAers; and it is also a sign of genius since a good metaphor 
implies an intuitive perception of similarity of dissimilars. Through resemblance, 
metaphor makes things clearer. 

Aristotle (Poetics) 

Scientific language is not simply for recording 'facts’, but is also an instrument 
of thought (Solomon, 1986). It has a central role in not only developing a 
sense of social identity for members of the scientific community and students 
in the classroom but also in inculcating views on the nature of science and 
'reality' itself (Zeidler and Lederman, 1989). Physicists have created a 
language in which the fundamental components and symmetries of 'the world’ 
cannot be observed. It is not the case that there is a non-metaphorical physics 
that has to be made intelligible using figurative language - analogy and 
metaphor are inherent in the nature of physics. 

Figurative thinking lies at the heart of scientific thinking. Following an 
analysis of the nature of metaphors, analogies and models some results of an 
empirical investigation of students' conceptions of figurative language are 
described. 
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As Bohr said, 'When it comes to atoms, language can only be used as in poe^. 

The poet, too, is not nearly so concerned with describing facts as with creating 
images.' The same is true of cosmological models, curved spaces and 
exploding universes. Images and analogies are the key .... Not you, not I, not 
Einstein could interpret the universe in terms wholly related to our senses. Not 
that it is incomprehensible, no. But we must learn to ignore our preconceptions 
concerning space, time and matter, abandon the use of everyday language, and 
resort to metaphor. We must try to think like poets. 

Tolstoy (1990: 16) 

1. Introduction 

A world ends when its metaphor has died. 

Archibald MacLeish 

In recent years there has been increasing attention to the importance of language in the 
learning of science, based on the generally presumed close relationship between language and 
concept learning. The teaching of science occurs almost entirely through the use of language, 
both spoken and written. Scientific language is not simply for recording 'facts', but is also an 
instrument of thought (Solomon, 1986). It has a central role in not only developing a sense of 
social identity for members of the scientific community and students in the classroom but 
also in inculcating views on the nature of science and 'reality' itself (Zeidler and Lederman, 
1989). The science educator Guy Claxton (1997: 72) points out that: 

... the languages of science are saturated with metaphors and symbols 
borrowed and adapted from the vernacular. Scienctific maps, like all maps, are 
works of human invention, and they must needs borrow from the known to 
chart the unknown. Whether it be atoms as billiard balls, electric current as a 
teeming crowd of electrons, or Homo sapiens as a naked ape, scientific 
theories are closer to poetry and art than the rhetoric of science frequently 
admits. 

The philosopher of language Max Black (1962 : 242) argues that: 

...perhaps every science must start with metaphor and end with algebra; and 
perhaps without the metaphor there would never have been any algebra. 

Similarly Douglas Berggren (1962: 472) points out that: 

...truly creative and non-mythic thought, whether in the arts, the sciences, 
religion, or metaphysics, must be invariably and irreducibly metaphorical. 

Lakoff and Johnson (1980) argue that all language is metaphorical and that it is only possible 
to speak of one thing in terms of another. The philosopher Richard Rorty (1980; 1989) argues 
that the history of science can be described as consisting of the literalisation of metaphors. 
The history of science should be perceived not as a history of discovery but as a history of 
metaphor. Ideas in science originate as metaphors, and retain their richness and ambiguity as 
the theory develops. However as the theory/metaphor leads to more and more settled findings 
then the life and range of possibilities gradually reduce, leaving so-called ‘literal truths’ and 
less and less research to be carried out. Individuals become so familiar with it that it ceases to 
be experienced as a metaphor (Young, 1993). 

Physicists have created a language in which the fundamental components and symmetries of 
'the world' cannot be observed. For instance, quarks are said to come in three colours. The 
weak force is described as changing the flavour of quarks by rotating them in flavour space; 
the colour force changes the colour of quarks by rotating them in colour space. The colour 
force is carried by gluons. The strong force, which holds protons and neutrons together, is 
described as a residue of colour interactions occurring inside protons and neutrons. 
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The word 'inertia' does not refer to an object or entity, but to a concept somehow acquired 
from the experience of trying to move heavy things (Wellington, 1983). Words for 
unobservable entities such as 'electron' cannot be derived from direct experience and can only 
have 'meaning' in a theoretical context. As Wellington (1983: 770) expresses it: 

The meaning of 'electron' somehow belongs to a theoretical world of nuclei, 
atoms, electric fields, shells and orbits - an imaginary, almost make believe 
world to pupils starting science. Yet 'electron' can acquire meaning, just as the 
words in a far-fetched fairy tale do. 

Concepts embody generalisations from particulars, e.g. wave, particle. Each is a word 
representing an idea. To be even more precise, a concept is the relationship between the word 
(or symbol) and an idea or conception. We all make use of concepts, some concepts are 
shared by all groups of people within the same culture, e.g. love, hate, child. Other concepts 
are used only by particular subgroups, e.g. the theoretical particle physicist would make use 
of quarks, gluons, and quantum chromodynamics. 

Science has constructed 'models of reality', which attempt to provide an unified systematic 
'picture' that is able to not only describe a range of seemingly unrelated phenomena but is 
able to predict unknown phenomena and direct further inquiries about the world. The 
accompanying public critical discussion of claims made by scientists is facilitated by the use 
of formal representations and precision in the use of language. This leads to different 
meanings being attached to words that are common to both science and everyday language 
(e.g. work, power etc.). As Einstein and Infeld (1938) expressed it: 

Science is not just a collection of laws, a catalogue of facts, it is a creation of 
the human mind with its freely invented ideas and concepts. Physical theories 
try to form a picture of reality and to establish its connections with the wide 
world of sense impressions. 

People use concepts to impose some meaning on the world - 'reality' is given sense, order and 
coherence. In arguing against treating language as a set of labels on a pre-existing or 
‘objective world’ the linguist Edward Sapir (1929: 162) conunents: 

It is quite an illusion to imagine that one adjusts to reality without the use of 
language and that language is merely an incidental means of solving specifrc 
problems of communication or reflection. The fact of the matter is that the 
‘real world’ is to a large extent unconsciously built up on the language habits 
of the group. No two languages are ever sufficiently similar to be considered 
as representing the same reality. The worlds in which different societies live 
are distinct worlds, not merely die same world with different labels attached. 

For the child language is initially an external reality to be mastered. However external 
language is itself a social construction. Curtis and Miller (1988: 62) point out that: 

... a child who experiences difficulties in the use of spoken or written language 
is likely to have additional difficulties in understanding and using the rather 
specialised vocabulary of the sciences. On a deeper level, language plays a 
crucial role in the child's ability to construct meaning; the learning of abstract 
scientific concepts depends both on the child's ability to use language to 
explore his/her existing conceptions and on the richness of the word-and the 
idea-associations which the child has with the particular scientific ideas 
involved. 

2. How can language be used? 

The seventeenth-century scientific revolution was accompanied by the conception of an 'ideal 
language'. This would enable scientists to read off from the 'book of nature' the true science 
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that exactly expresses reality, i.e. scientific realism and a correspondence theory of truth. 
Galileo asserted that the universe is a 'great book ... written in the language of mathematics'. 
Leibniz searched for the ideal language, the 'characteristica universalis', which would 
correspond exactly to the language in which nature is written. Meaning changes of various 
kinds are, however, pervasive in language. 

Developments in the philosophy of science (c.f. Kuhn, Popper etc.) have had implications for 
the changing meanings associated with words such as 'observe', 'perceive', 'discover', 'theory' 
and 'facts'. As Clive Sutton (1992) points out the meanings of words in science change over 
the years. However, there appears to be a strongly held belief that physics is not a product of 
human beings, but rather an acceptance of the epistemology that scientific knowledge comes 
from 'things' rather than from people. 

Sutton (1992) argues that the two ways in which language can be used can easily lead to two 
sets of beliefs atout what language is, and how it works: language as a labelling system and 
language as an interpretive system. Words are often used as labels for things, rather than 
instruments of interpretation. The ideas of science become transformed into arbitrary 
information to be learned. Physics continuously generates new concepts by interpretive effort. 
Repetition results in their initial use in new thoughts giving way to their treatment as ordinary 
items. Intangibles like 'electrons' and 'atomic orbitals' become more substantial and 'thing- 
like' - interpretations assume the status of labels. Sutton (1992: 102) advocates emphasising 
the importance of developing ideas and testing ideas, and showing the provisional nature of 
theories by using 'as-if phrasing: 

It is hard to know what "really" happens in this television tube but it is as if 
tiny charged particles were emitted from this part here.... 

Over the last fifteen years there has been considerable interest in the student's perceptions of 
phenomena taught in science classes. There has been research in such areas as energy, 
motion, the particulate nature of matter, electricity, and light. Language allows students to 
communicate their understanding of a subject. 

If the students' ideas are perceived to be in conflict with what is thought to be the 'right 
answer' as held by the scientific community they have been variously described as: students' 
conceptions, misconceptions, preconceptions, children's' science, alternative conceptions, 
alternative frameworks. The label applied depends upon the researcher's own views of the 
nature of knowledge (Gilbert and Watts, 1983). Such 'alternative conceptions' are often 
strongly held, very resistant to change and can impede further learning (White and Gunstone, 
1989). 'Surface learning' can result in students performing well in a test, yet not undergoing 
any meaningful change in their conceptions of a particular phenomena. 

Science education has been structured around what is perceived to be the scientist's concepts 
of the natural world. The tabula rasa conception of the learner has come to be replaced by 
many researchers with the concept of the learner who brings to the classroom a complicated 
body of personal knowledge and understanding (Ausubel, 1968; Driver, 1981; Erickson, 
1979; Osborne and Gilbert, 1980; Pope and Gilbert, 1983). During lessons examples used to 
illustrate a concept may convey a tot^ly different meaning to the student, the net result being 
that the actual outcome may well be different from the intended (Anderson, 1986). 

3. Figures of speech 

Clive Sutton (1992: 78) argues that the 'figures of speech' that: 

...emerge in the creative scientific imagination include metaphors, such as 
Darwin's tree of life, and slightly more cautious similes, such as Hutton's view 
of the land mass as being like the body of an animal. The initial effect of such 
figuring is to tease the mind into action as one senses a tension and strange 
interaction of thought in the new use of language. It often leads to the 
elaboration of the figure into a model in which some of the points of 






interaction are spelled out, or into a very explicit analogy which can be 
analyzed point by point as a comparison. 

Metaphors, similes, and parables (i.e. narrative metaphors) are all 'figures of speech'. As these 
become increasingly explicit and elaborated a simile can form the basis for an analogy, a 
metaphor for a model, and a parable for an allegory. Metaphors, similes, and models are tools 
in science for trying to establish what is happening by gaining fresh insights. 

A simile resembles a metaphor in being a figure of speech. However, similes are usually 
identified syntactically by the presence of 'like' or 'as' (e.g. as brave as a lion). 

Sutton (1993) suggests that when multiple points of detailed, and explicit comparison are 
expected or made a simile becomes an analogy. Examples of analogies in science include: 

1. Newton likening the moon to a ball thrown so hard that its downward fall misses the earth 
and it passes into orbit. 

2. Galileo comparing the moon (if it were to fall out of its orbit) to a rock dropped from the 
mast of a moving ship. 

3. The hydraulic model of an electric circuit. 

4. The analogy between the propagation of sound in air and the propagation of waves in 
water. 

5. Rutherford comparing the atom to the solar system 

6. The weak interaction between elementary particles being likened to a field induced by a 
weak uncharged electric current. 

7. J.J. Thompson likening an atom to a mound of raisin pudding. 

8. The analogy between nuclear fission and the division of a liquid drop into two smaller 
drops. 

9. The analogy noted by Kelvin between electrostatic attraction and the conduction of heat. 

The importance of analogies to an understanding of scientific concepts and to an 
understanding of the nature of science was emphasised by the physicist Robert Oppenheimer 
(1955): 



Analogy is an indispensable and inevitable tool for scientific progress - 
Whether we talk of discovery or invention, analogy is inevitable in human 
thought, because we come to new things in science with what equipment we 
have, which is how we have learned to think, and above all, how we have 
learned to think about the relatedness of things. We cannot, coming into 
something new, deal with it except on the basis of the familiar and the old- 
fashioned. 

4. Metaphors 

Physical science is a metaphor with which the scientist, like the poet, creates 
and extends meaning and value in the quest for understanding and purpose. 

Jones (1982: ix) 

The study of metaphor has long been with us. Aristotle, for instance, pointed out the 
cognitive importance of metaphor: 

But the greatest thing, by far, is to be a master of metaphor. It is the one thing 
that cannot be leamt from oAers; and it is also a sign of genius since a good 
metaphor implies an intuitive perception of similarity of dissimilars. Through 
resemblance, metaphor makes things clearer. 

Aristotle {Poetics, translated W.D. Ross, 1459 5-7) 

Historically beliefs in scientific realism and positivism have resulted in the metaphor being 
viewed as being contrary to the aims of science as it was argued that it did not create the 



ERIC 



6 






relationship between things, but simply enlarged upon what was felt to be there already. Paul 
Muscari (1988), however, points out that: 

...the metaphor's condition has taken a turn for the better. Certainly the 
recognition (1) that science is not clearly based on direct observational and 
language independent procedures; (2) that scientific terms change their 
meaning with the advent of new theory; and (3) that the contingency of the 
association between internal physical theory and internal experience precludes 
unmediated representation, has done much to re-establish the metaphor in the 
approved registry of the scientific community. 

The theoretical literature on ‘metaphor’ is large and varied. Nietzsche argued that initially 
representation is metaphorical, then the temporary status of the metaphor is changed (it dies) 
and the status of the representation is raised to being classified as a member of the class of 
‘truths’ As Soyland (1992: 97) points out what disappears in this process is the social, 
practical circumstances in which the original meaning was generated. Heidegger emphasised 
that the process of labelling something as ‘true’ is always one that is open to further 
negotiation. In addition The philosopher Jacques Derrida points out that in defining 
metaphor more metaphors are always implicated. For instance, in appealing to statements 
being clear and not obscure, the terms ‘clear’ and ‘obscure’ rely on metaphors involving light 
(from the Sun) and looking (Ricoeur, 1978: 289). A ‘literal’ definition of metaphor is 
therefore, arguably, impossible. 

The use of the term ‘metaphor’ as a term to be constrasted with ‘literal’ enters into a 
metaphysical debate - it relies on a distinction between ‘words’ and ‘meanings’. Wittgenstein 
suggested (or assumed) that metaphor is the re-description of some literal description. A 
sentence would be a metaphor, according to Wittgenstein, if it were possible to translate it 
into a literal sentence. 

Max Black (1962: 31) labelled this idea the ‘substitution view’ as it holds that substitution of 
the literal for the metaphorical would communicate the same meaning. To adopt a 
substitution view would be to hold that understanding a metaphor is like deciphering a code 
or unravelling a riddle. Black argued instead for an ‘interaction view’ of metaphor by 
proposing that metaphors function, partly, by activating a ‘system of associated implications’ 
(Black 1962: 44). For instance, to say that ‘man is like a wolf’ is to say something about both 
men and wolves (see Mary Hesse, 1980). 

Nietzsche suggested that truths are a collection of worn out metaphors. Maintaining 
something as being true would, therefore, be a matter of discursive practice. Heidegger 
argued that investing a proposition with truth is a social act Derrida can be used to argue that 
attempts to define metaphors will always implicate further metaphors; arriving at a ‘literal’ 
definition of metaphor is not possible. Metaphors will always be involved in the creation of 
new meanings, in describing something new ‘things are raised up’ into a realm of literal 
discourse. Words can be regarded as discursive tools with context-dependent functions 
(Rorty, 1989). A scientist uses such tools to describe an object of enquiry. 

Metaphor is of importance in literature, philosophy, and in science. Metaphor in science has 
played an important role in the development of new theories. Metaphors (often confusingly 
used as a broad label encompassing similes, analogies and models) have been regarded as 
agents for cognitive change. What are metaphors? How do they work? Why are metaphors 
necessary? Why are some 'better' than others? 

In contemporary philosophy of language the debate on the nature of metaphors focusses 
initially on 'meaning'. 'Semantic' theories place metaphorical meaning in langue, the language 
system. Such meaning is viewed as a complex semantic property of phrases or sentences. 
According to this approach the cognitive potential of metaphor lies in the embodiment of a 
novel thought or proposition within this special semantic content. In contrast to this, 
'pragmatic' theories place metaphorical meaning in parole, i.e. as a property of specific. 
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contextualised utterances. From this viewpoint the cognitive potential of metaphor lies not in 
the linguistic representation of a thought but in evoking a particular imaginative or 
intellectual response. 

In a current semantic theory, Max Black (1955) has argued that the terms in a metaphor 
interact by giving rise to and 'filtering' systems of association. This interaction (described by 
I. A. Richards as 'interanimation' and by Monroe Beardsley as 'tension') generates a novel 
semantic content which goes beyond the literal meanings of the metaphor's separate parts. 
This approach appeals to language-users empirical belies , over and above the meanings of 
words, in the creation of metaphorical meaning. 

Answering the question of how do metaphors work requires a theory of meaning and a theory 
of mind (Janet Martin and Rom Harr6, 1982). The answer as to why metaphors are necessary 
is 'simply' that metaphors are necessary in order to enable people to say what they mean, as 
individuals can conceive more than they can at present say. The etymology of the term 
'metaphor' implies the idea of 'transfer'. Martin and Harr6 (1982) suggest that both the 
substitution and Gestalt 'theories of metaphor' are largely theories on the natoe of the transfer 
or the comparison that a metaphor effects. They quote Richards (1965: 90) who points out 
that basic to substitution theories is 'a sort of happy extra trick with words, ... a grace or 
ornament, or added power of language, not its constitutive form'. From this viewpoint comes 
the idea that metaphor is a kind of comparison, a condensed simile, or a way of saying what 
could be said literally, and therefore, rooted in experience. Physics, however, contains 
assertions about featiffes of the world that are beyond all possible experience. Adherents of 
Gestalt theories assert that what can be expressed by metaphor cannot be expressed in any 
other way. 

Students use language that they have associated with previous experiences to explain or 
describe unfamiliar or new phenomena. As Black (1977) and Lakoff and Johnson (1980) 
have argued metaphors and analogies enable abstract ideas to be expressed by grounding 
them in concrete experiences. Flick (1991) suggests that: 

...students reason /rom their current understanding of bulk properties of water 
to the molecular nature of matter introduced as new idea. By analogy to 
melting ice, students infer that molecular "particles" must themselves melt into 
a liquid. The smallness of particles is perceived to be similar to the shrinking 
of melting ice and a concept of heat as "hot" to the touch is the melting agent. 

This line of reasoning is fundamentally conservative. 

Martin and Harr6 (1982) argue that science makes assertions about features of the world that 
lie beyond any direct experience. Metaphor provides a means for such assertions that is 
meaningful and is able to provoke a novel meaning. The metaphor is able to conjiffe multiple 
perspectives. They build on I. A. Richards (1965) emphasis on metaphor as an interaction of 
thoughts and propose the following definition of a metaphor: 

Metaphor is a figiffe of speech in which one entity or state of affairs is spoken 
of in terms which are seen as being appropriate to another. 

Martin and Harr6 (1982: 96) 

In other words, a metaphor is a figiu'e of speech, while a model is a non-linguistic analogue 
(i.e. it is viewed with respect to its relationship to some other object or state of affairs). 
Suppose the image of a fluid is functioning as a model of a conception of the native of 
electricity. Metaphorical language based on this fluid model would involve, say, the term 'rate 
of flow' of an 'electrical current'. Models and metaphors are, therefore closely linked. 

Mary Hesse (1966) argues that a metaphor contains a large number of positive analogies (of 
varying degrees of similarity), and a number of neutral analogies. In addition a metaphor 
provokes by being obviously 'absiu'd' an 'as is' relation, enabling relationships to be explored. 
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'Dead' (or as Sutton prefers 'dormant') metaphors are those where the original element of 
absurdity has been forgotten, and the metaphor is viewed as a simple propositional statement. 

The analogy confers 'understanding' by using relational constructs such as 'orbiting' with 
unfamiliar objects, e.g. electrons and the nucleus (Flick, 1991; Thiele and Treagust; 1995; 
Harrison and Treagust, 1996). Duit (1991) explains the distinction between analogies and 
metaphors: 

An analogy explicitly compares the structures of two domains; it indicates 
identity of parts of structures. A metaphor compares implicitly, highlighting 
features or relational qualities that do not coincide in two domains. 

Genmer (1986) argues that the formal use of an analogy involves the cognitive mapping of 
relationsWps among objects in one domain of knowledge to another. Rutherford's solar 
system analogy of the hydrogen atom implies that the nucleus and the electrons are in relation 
to one another as the sun is to the planets. In Genmer's (1986) 'structure-mapping' theory of 
analogy, the nucleus is not expected to assume the attributes of the sun, and Ae electrons are 
not expected to resemble the planets in a literal sense. The analogy invokes understanding by 
using relational constructs such as 'orbiting' with unfamiliar objects (e.g. electron and 
nucleus). Structure-mapping theory proposes that for the correct mapping of an analogy: 

1. Relations between objects are mapped from the base (solar system) to the target (atomic 
structure), and object attributes are discarded. It would not be expected that the nucleus is 
hotter than the electrons nor would it be expected to be yellow. 

2. Which relations are mapped is determined by higher order relations, and these limit the 
possible choices. An important constraining relation would be 'cause'. The planet is seen to 
orbit the sun because of the gravitational attraction between the sun and the planet. 

5. Models 

...when they come to model Heav'n 
And calculate the Starrs, how they will weild 
The mightie frame, how build, unbuild, contrive 
To save appearances... 

Milton, Paradise Lost VIII, 79-82. 

Underlying the nature of physics is the concept of model. Modelling is a fundamental aspect 
of 'doing' physics (Fiirth, 1969; Lind, 1980; Redhead, 1980). An appreciation of physics, 
therefore, inherently involves an understanding of the role and the nature of models. There 
are numerous definitions of 'model' and of 'modelling process' in the literature (see 
d'Espagnat, 1983; Duit, 1991; Duit and Glynn, 1996; Harr6, 1960, 1970; Hesse, 1954, 1966; 
Leatherdale, 1974). There is a distinction between mental and conceptual models, different 
kinds of models and conceptualisations (Norman, 1983). The following quotations provide 
some definitions of 'model' , and illustrate the diversity of opinions in the literature: 

...a simplified representation of a phenomenon which concentrates attention on 
specific aspects of it thus facilitating scientific enquiry. 

Ingham and Gilbert (1991) 

A model is a surrogate object, a mental and/or conceptual representation of a 
real thing. 

Andaloro, Donzelli, and Sperandeo-Mineo (1991) 

A model is a representation of an object, event, or idea. 

Gilbert (1994) 
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...a conceptual model is defined as words and/or diagrams that are intended to 
help learners build mental models of the system being studied; a conceptual 
model highlights the major objects and actions in a system as well as the 
causal relations among them. 

Mayer (1989) 

A model, generally, might be considered to be the representation or the outcome of the 
transfer of some aspects of the source of the model (from where it is derived) to that which is 
being described, i.e. to the target of the model. For instance the source of the Bohr- 
Rutherford model of the atom is the planetary system (Leatherdale, 1974: 53). 

In the inductivist view of the nature of science, in which explanatory theories emerge from a 
review of large amounts of data, models are regarded as merely summaries of data. This view 
is now largely argued against by most philosophers of science (Hodson, 1992). Leatherdale 
(1974) describes a tendency to call certain theories 'models', e.g. the 'Bolu--Rutherford model' 
of the atom. Rom Harr€ (1978) distinguishes between 'theories' and 'models' by suggesting 
that a phenomenon in nature shows some observed behaviour because of the operation of a 
causal mechanism. A theory is proposed for the nature of that mechanism, and an associated 
model of the structure by or through which the mechanism operates. This is obtained by using 
an analogy or metaphor from the source of the model. On this viewpoint a model is a 
visualisable representation of the structure through which a theory might operate. The 
development of science consists of the construction of models, and the consequent 
development of theories. 

Norman (1983: 7) makes useful distinctions between: 

...a target system (that which exists in common experience), a conceptual 
model of the target system (the simplified model which is socially agreed by 
those scientists with a research interest in the target system), an individual's 
private, and probably transient, mental model of the target system (which may, 
or may not, have any relationship to the conceptual model), and the (social) 
scientists' (the researcher's) conceptualization of that mental model. 



The research literature suggests that all models start as (private) mental models. Some mental 
models in science will through description and extensive use survive to become publicly 
available conceptual models. 

Leatherdale (1974: 50) in discussing the vast and complex range of models in the literature 
remarks: 

Even disregarding the complex taxonomy of models proposed by Harr€ in The 
Principles of Scientific Thinking, where he distinguishes eight or nine different 
kinds of model (giving them such names as paramorphs, homeomorphs, 
teleiomorphs, etc.), there are a large number of different kinds of model 
mentioned and discussed in the literature on models; as the following sample 
indicates: 'logical', 'analogue' (used as an adjective), 'functional', 
'mathematical', 'theoretical', 'physical', 'formal', 'material', 'archaic', 'auxiliary', 

'main', 'post hoc', 'complementary', 'phenomenological', 'simplifying', 
'abstractive', 'structural'. 

Peter Achinstein (1968), for instance, distinguishes between three broad types of model in 
science: the representational model, the theoretical model, and the imaginary model. 
Neelamkavil (1987) has suggested that models can be classified as physical, symbolic, and 
mental models. Ingham and Gilbert (1991: 193) quote Max Black (1962) as classifying 
models into five types: 






Scale models, which are 'likenesses of material objects, systems or processes, 
whether real or imaginary, that preserve relative proportions'. 

Analogue models, which represent 'some material object, system or process, 
designed to produce as faithfully as possible in some new medium the 
structure or web of relationship in die original'. 

Mathematical models, which are of situations 'that can be summarised in, or 
represented by, a mathematical equation' . 

Theoretical models, which involve 'the production of some concretised 
representation of a phenomenon, which can be applied to the study of the 
phenomenon without making theoretical assumptions about it.' 

Archetype models, which are 'a systematic repertoire of ideas by means of 
which a given thinker describes, by analogical extensions, some domain to 
which these ideas do not immediately and literally apply.' 

Finegold and Smit (1993: 19), following a literature survey, suggested the following range of 
views on models: 

Models are constructions of the human mind and are temporary by nature. 

Models in science are analogues of things and processes. 

The two main uses of models in science are, (1) Heuristic - to simplify a • 
phenomenon or make it easier to deal with; and (2) Explanatory - to explain 
the unknown mechanism which is responsible for the phenomenon. 

The models utilized in physics are not pictures of the underlying reality but are 
viewed as representations of real entities. 

An important role is played by models in the acquisition of knowledge about 
nature. 

A clear distinction is made between a model and a theory. 

Ideally a theory should contain the description of a plausible model, modelled 
on some thing, material, or process which is already well understood. 

Models help the physicist to predict, describe and explain natural phenomena, particles and 
structures. The descriptions are never complete and different models can be used to describe 
the same entity. 

Physicists can define a 'gravitational field', but does a gravitational field have any reality 
beyond its definition? Is it something physical or is it a mathematical fiction? The distinction 
is not as clear-cut as it may seem. As ^chard Feynman (1966: 707) expressed it: 

Many different physical ideas can describe the same physical reality. Thus, 
classical electrodynamics can be described by a field view, or an action at a 
distance view, etc. Originally, Maxwell fill^ space with idler wheels, and 
Faraday with field lines, but somehow the Maxwell equations themselves are 
pristine and independent of the elaboration of words attempting a physical 
description. The only true physical description is ... the way the equations are 
to be used in describing experimental observations. 

There is a feeling that something can be 'understood' if it can be pictured as, say, wheels and 
levers fitting together. The development of twentieth century physics has involved a 
movement away from visualisable models towards abstract mathematical models. At the 
microscopic level 'physical reality' cannot be directly perceived by the senses. As a 
consequence it is not intrinsically knowable (in the same sense) as macroscopic reality. It can 
however be approached at an inferential level using measurements from macroscopic 
instruments. Physical models based upon macroscopic experience suggest analogies. 
Mathematical models can be suggested by physical models (and vice-versa). These usually 
represent a further simplification for mathematical convenience. 
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6. Research into students' conceptions 

In introducing the idea of cognitive models Kenneth Craik (1943: 13) stressed the use of 
models in thinking: 

If the organism carries a "small-scale model" of external reality and of its own 
possible actions within its head, it is able to try out various alternatives, 
conclude which is the best of them, react to future situations before they arise, 
utilize the knowledge of past events in dealing with the present and futme, and 
in every way to react in a much fuller, safer, and more competent manner to 
the emergencies which face it. 

Joan Bliss (1995: 166) points out that teaching physics is a 'matter of conveying mental 
models of science'. Mental models refer to students' personal knowledge while conceptual 
models refer to scientifically accepted knowledge (Norman, 1983). Centner and Stevens 
(1983) contain several cognitive studies based on die premise that the development of mental 
models is essential in order to understand the physical world. Bliss and Ogbom (1994: 8) 
also point out that: 

Current theories in cognitive science indicate the importance of mental models 
(Centner & Stevens, 1983; Johnson-Laird, 1983; Johnson-Laird & Byrne, 

1991) and point (as does Piaget's theory) to the crucial role in reasoning of the 
mental manipulation of imagined objects. 

The term 'physical intuition' is used to describe the ability to construct such mental models. 
Cognitive development is described as the development of mental modelling abilities. Mental 
models are both a method of representing and a way of organising knowledge. The student's 
mental model of a system may be incomplete, confused and subject to sudden change 
(Redish, 1994). It may not even be internally consistent. However the possession of a model 
enables the student to save mental effort in coming to terms with a problem. As Arnold 
(1992) points out the model summarises the student's beliefs about a system, however 
unjustified they may be in scientific terms. The aim of the model is to enable predictions to 
be made about the likely future behaviour of a system. The student is unlikely to be 
concerned about aspects of the model that do not make sense. 

Teaching and learning involves the construction by the student of mental models for entities 
not perceived directly, e.g. light (quanta of light), electric current (electrons), particles of 
matter (atoms). This modelling process is complex as it requires students to construct and use 
certain entities (these may be sets of objects or systems), describe these entities in exact ways 
using certain parameters (e.g. mass, volume, temperature change), and account for the 
processes of interaction between the parameters by describing relationships between them 
(using inventions such as force, heat, and electric current). 

Perhaps not surprisingly the building of such complex models requires considerable effort 
and time from the student. As Rom Harr^ (1961: 56) has said concerning models: 

...they carry the picture with which everyone, schoolboy, student, engineer and 
research worker, operates in dealing with problems in his field. You may deny 
that you have a model and be as positivistic as you like, but while the standard 
expressions continue to be used you cannot but have a picture. 

Max Bom (1953/4: 140) in an article entitled Physical Reality remarks: 

All great discoveries in experimental physics have been due to the intuition of 
men who have made free use of models, which were for them not products of 
the imagination, but representations of real things. 

...[Niels Bohr] has repeatedly and emphatically said that it is impossible to 
describe any actual experiment without using ordinary language and the 
concepts of naive realism. 
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Thagard (1992), however, points out there is the problem of 'worn-out analogies interfering 
with the acquisition of new ones'. The Bohr model of the atom is introduced by analogy to the 
solar system, but the model of orbits that is acquired can get in the way of the later 
incorporation of the concepts of quantum mechanics. 

On the basis of their everyday experience people develop naive theories or alternative 
conceptions that can provide not only descriptions of, but causal explanations of, phenomena 
(e.g. McCloskey, 1983). These alternative conceptions significantly influence student 
learning (e.g. Clement, 1983; Viennot, 1979). Such research has stimulated the development 
of teaching strategies that encourage students to a greater self-awareness of their own models, 
to make predictions based on them and to make comparisons between their own and accepted 
scientific models (Clement, 1983). As Maureen Pope and John Gilbert (1983) point out 
science education is concerned with connecting explanation and understanding between 
teachers and students. Rosalind Driver (1983: 24) suggests that when talking science children 
make use of analogy: 

Faced with a normal phenomenon, pupils are searching to find familiar events 
to which they relate this new experience. They try to interpret the unfamiliar 
by analogy with familiar experiences. 

In surveying previous research on students' understanding of the nature of models there 
seems to have been relatively little research carried out in die UK on how A-level students 
conceptualise the nature of models, e.g. what models are for, how (and by whom) they are 
made, under what conditions (if any) they should be changed, whether or not there can be 
multiple models for the same 'thing', and what models actually represent. 

In Germany Petri and Niedderer (1995) carried out an investigation, using interviews, of how 
a single student came to terms with quantum physics. With regard to the role of models in 
physics the student, Carl, commented: 

A model is a conception of something (e.g. the model of the atom). Often it 
also is a simplification: E.g., free falling does not exist in nature, thus one 
"builds up" a model in mind that optimizes the conditions and processes. 

Petri and Niedderer (1995: 9) [italics in the original] 

The student is adhering to a correspondence between physical models and reality. The 
importance of investigating not just students' ideas of quantum physics, but also students' 
ideas of models and tJie 'reality' accorded to entities is emphasised by Petri and Niedderer 
(1995: 9) when they argue: 

Changing (expanding) Carl's model of the atom means more than changing a 
conception of a moving particle into the conception of a stationary charge 
cloud. It requires to change his view of the world, part of his personal identity 
and conviction. 

Canadian high school students were asked to respond to the following two statements 
concerning the nature of models by indicating whether they agreed with it and to explain the 
reasons for the choice: 

13.1 Many scientific models (such as a model of the atom or of DNA) are 
metaphors or useful stories; we should not believe that these models are 
duplicates of reality. 

13.2 Many scientific models (such as a model of the atom or of DNA) are 
accurate duplicates of reality. 

Aikenhead (1987: 463) 
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Aikenhead (1987: 463) describes the analysis of students' responses and the following 
categories that were generated: 

A. Within their limitations, models are helpful for learning and explaining. 

B. Models change with time and with the state of our knowledge, like theories 
do. 

C. Models can represent certain properties of reality that scientists see. 

D. Models help us understand by duplicating a part of reality. 

E. A model's accuracy cannot be taken for granted. 

F. Models are true to life. That is their purpose. 

G. Many models duplicate reality because much scientific evidence has 
proven then true. 

H. Authorities say they are true, so they must be true. 

Grosslight, Unger and Jay (1991), in the USA, found that the (55) high school students they 
interviewed had conceptions of models that seemed to be consistent with having a naive 
realist epistemology. They did find, however, that under the influence of teaching their ideas 
became more sophisticated, including realising that models are designed for particular 
purposes. The (4) university teachers interview^ drew a distinction between abstract and 
physical models, and were aware of the ways that models are used for constructing and 
testing ideas. Students were assigned to 3 levels (representing an increasing awareness of the 
nature of models) on the basis of scores on six dimensions: the role of ideas, the use of 
symbols, the role of the modeller, role of the model in communication, the notion of testing, 
multiplicity in model building. They suggesting that students needed more experience and 
discussion on the nature and roles of models (see also Brown and Steinberg, 1993; 
Hardwicke, 1995a, 1995b). 

In the UK Ingham and Gilbert (1991: 197) interviewed 45 chemistry undergraduate and 
postgraduate students with regard to the uses of analogue models and constructed the 
following students' conceptions of models: 

(A) The model as a self-consistent system which corresponds to reality. 

(B) The model as a way of explaining or justifying a theory which is thought 
to be a permanent part of the chemist's repertoire. 

(C) The model as an evolving link between the macro- and micro-levels. 

(D) The model as a way of achieving the understanding that others require. 

(E) The model as a way of achieving a commonality of understanding 
between chemists. 

(F) The model as a way of engaging the interest and involvement of others in 
a particular phenomenon. 

The previous research on students' conceptions of the nature of models is consistent with a 
survey of the literature on models carried out by Finegold and Smit (1993: 7) when they 
summarised the various views as a series of statements: 

I. All models are creations of the human intellect. 

2. All models are representations, (some are purely visual, some can be seen 
and felt). 

3. Any representation that one makes of an object, of a structure, or of a 
process is called a model. 

4. Models exist in nature. 

5. All models are mental images (existing only in the human mind). 

6. Models are aids that are used to obtain knowledge of nature. 

7. A model always provides a complete description of the object, structure or 
process in nature that it models. 

8. A model is formulated using facts obtained by experiment and/or 
observation. 

9. The terms model and theory are synonymous. 
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10. The only function of models in science is in teaching. 

11. Models are of a temporary nature. With the increase of knowledge a model 
may become obsolete or useless and either adapted or replaced by another 
model. 

12. A scientist always has more knowledge of an object, process or structure 
that is represented by the model itself. 

13. An important function of any model is to describe something (an object, a 
structure, or a process) in nature. 

14. Models play an important role in the explanation of phenomena. 

15. Models can be used to predict phenomena, structures, or processes that 
have not previously been observed. 

7. Research methodology 

The literature survey suggests that compared to the research that has been carried out on 
identifying the alternative conceptions held by students in particular domains (e.g. electricity, 
mechanics etc.) very little work has been carried out on how aware A-level students are of the 
nature of models. In other words this study needs to try to confirm if students' conceptions of 
the nature of models in the UK are similar to those previously identified in the literature. In 
addition the relationship between visualisability and models needs to be explored. The ideas 
that students have for the use of multiple models for the same phenomena or object (e.g. the 
billiard ball and the electron-nucleus models of the atom), and their explanations for 
reconciling the use of multiple models also need to be investigated. 

At present in England and Wales upper secondary school students (ages 16-18) wishing to 
read for a physical science degree at university will follow the two year Advanced Level 
Physics course. The research project as a whole is exploring students’ conceptions of 
quantum physics, models, and the epistemological and ontological status of theoretical 
entities. The study described here reports on some of the findings with regard to students’ 
ideas of photons, the nature of models and analogies, multiple models of light and the atom. 

The research instrument consisted of a semi- structured questionnaire completed by A-level 
Physics students (N = 83) in three secondary schools (in the UK) in October 1994. The 
questionnaire utilised open and closed questions, drawings of particular situations, and 
attitude scalesL Physics textbooks, examination questions, the research literature, and the 
researcher's own teaching experience were used to initially construct the questions. 
Discussions with expert evaluators were then used to refine them. 

The questionnaire utilised directed or free questions, and students were encouraged to write 
freely in their own words. This approach enabled a considerable amount of significant data to 
be acquired in a relatively short time. The use of a questionnaire maximised the sample size. 
A large sample size enabled a wide range of students' writing, and consequently a wide 
spread of students' conceptions to be obtained. 

8. Data analysis 

How best to analyse data is a difficult issue. The object-domain is language (in this case in 
the form of text), but language not as a physical object measurable as sound waves but 
language as shar^ meaning. The researcher is therefore automatically a participant observer. 
As Ricoeur (1981) points out the realist position usually adopted by researchers in the 
physical sciences is not possible in the analysis of language. The meaning of a word or 
utterance in a discourse is internally related to other words and utterances in an unlimited and 
dynamic way and so can never be rigorously defined (Derrida, 1973). Category analyses can 
distort the reality of data. Edwards and Mercer (1987: 4) suggest that however 'scientific' 
analyses based on codings seem to be, they are always dependent on prior interpretations in 
selecting the coding scheme to be used and in categorising sentences or utterances. 



^ See the Appendix for a copy of the questionnaire. 



Bearing the previous considerations in mind some numerical analysis of the data through 
codings was undertaken to supplement and support the qualitative interpretation. Two 
important preliminaries to the quditative analysis were: gaining an intimate knowledge of the 
data as a whole, and building up an 'interpretive web' through reading relevant theory and 
previous research. 

An interpretative methodology was adopted for the construction of meaning from the 
responses to the open questions in the questionnaire. A database program (FilemakerPro) was 
us^ to create a separate file card for each response to a question. Once the large quantity of 
data had been entered then these ‘cards’ were sorted to collate all the responses for each 
question from all of the questionnaires, enabling an overview to be obtained. An iterative 
approach was then adopted to identify or construct students' conceptions from the data. The 
principal concern was that the qualitative analysis should be rigorous, and systematic. 

Following an initial read-through of the collated responses to a particular question the types 
of responses were noted. This generated an initial list of possible categories of responses. The 
procedure was then repeated more finely to generate categories to cover all of the students' 
responses. An EXCEL spreadsheet was set up and using the statistical program SPSS 
(Statistical Package for the Social Sciences), on the Macintosh computer, frequency 
^stributions of responses for each question were obtained. The final stage was the production 
of a descriptive summary of the overall findings, which included quotations from the 
questionnaires to illustrate particular conceptions. It should be borne in mind that the 
summary statements characterising students' conceptions represent a much reduced 
description of students' responses to questions. As Watts (1982: 14) commented on the 'pithy 
summary statements' he used to characterise children's conceptions of energy: 

The framework here came from no one pupil. They have been placed together 
from the implicit and explicit conceptions used by the children during the 
course of the interviews... The frameworks are not intended as discrete and 
mutually exclusive categories of interview responses. This is an important 
point. The expressions youngsters use can be classified in a number of ways. 

In this case their words are being taken as evidence for particular ways of 
treating the term energy. 

The principal problem of interpretive studies attempting to elicit students’ conceptions is the 
hermeneutic circle - the researcher’s knowledge of students’ conceptions is dependent on the 
researcher’s constructions, which are based on the researcher’s conceptions (Johansson, 
Marion and Svensson, 1985; Jung, 1987; Kesidou andDuit, 1993). 

The validity of the researcher’s construction of students’ conceptions resulting from the 
researcher’s interpretation of students’ responses to the open questions is established by 
providing information to allow the reader to consider whether they would come to the same 
conclusions concerning students’ conceptions. 

The validity of the generated conceptions is underscored by the complementary use of 
qualitative and quantitative techniques (Reichardt and Cook, 1979). As an additional form of 
'triangulation' peer discussion was used to enhance validity. 

9. Students' conceptions 

9.1 Students' conceptions of models 

In order to probe students' ideas they were asked to explain what a model is, to give examples 
of models, and to indicate if they thought a model is visualisable^. Students' responses to the 
question were interpreted as giving rise to the following principal conceptions about the 
nature of models: 



^ See the Appendix for the questions asked (including question BOl on the nature of models). 
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1. Scaled representation 

2. Relationship between model and theory 

3. Visual representation 

4. Aid to communication 

5. Mental construction 

6. Explanatory role 

7. Formation of models 

Nearly a fifth of the students (~20%) thought that a model refers to a scaled representation. 
For instance, a 'scale model' in which there is no difference between a technical or 
construction model and a scientific model: 

A model is an exact copy of something that occurs or is built in real life, but it 
[is] made larger or smaller. A different material may be used to build the 
model that what the object is made of. 

B01(a)/443 

Within this conception for some students there is an explicit implication of completeness, that 
is, a model provides a complete description of the object or process in nature that it models: 

A model can be a literal copy of what we can see, or a[n] image of something 
we can see but have the knowledge to imagine what it is like. 

B01(a)/39 

A replica or scaled down version of something which will behave in the same 
way as the original only on a smaller scale or it is a replica of something so 
small it is invisible to the human eye. Made larger so we can understand it 
better. 

B01(a)/58 

Again within the same broad conception there is an implication by some students that 
although it is a scaled up or down copy it may have been simplified, i.e. the scientist may 
have more knowledge of the object or process than is represented by the model itself: 

A model is a scaled up or down, simplified version of a complex or hard to 
picture situation. They can be used to illustrate what happens inside something 
or what something looks like, i.e. the solar system or an atom. 

B01(a)/42 

Another viewpoint, held by ~ 16% of students, is that a model depicts or describes a theory: 

A model is a way of describing a scientific theory, that is possibly connected 
with an image, which helps to explain why something happens. 

B01(a)/14 

A model is something that scientists use to relate theories etc. to something we 
know. Examples include things that are too small to see, like an atom. They 
are generally used to simplify things to enable us to understand. 

B01(a)/51 

The principal viewpoint (held by nearly one-third of the students) was that a model is a visual 
representation of the abstract and the unseen: 

A model is an idea of what something looks like, if the something is too small 
to see. 



^ The notation indicates that this is the response to question BOl(a) by student number 44. 
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B01(a)/36 



A 'model' is something which exist yet is not regularly seen e.g. current and 
needs to be interpreted as something we can picture/see. 

B01(a)/50 

In response to an open question^ as to whether or not a model necessarily has a picture or 
image associated with it a majority of the students thought a model is (or should be) 
visualisable (54% versus 39%). 

A small number of students (~4%) suggested that students are aids in communicating ideas: 

A way to demonstrate a principle. It helps to communicate an idea as simply 
as possible. 

B01(a)/54 

A model aids the scientist in communicating ideas. 

B01(a)/53 

Another perception of models is that models are constructions of the human mind or 
mental images (held by ~4% of students): 

A model is an idea that is someones mind to represent something physical 
which can't be shown. 

B01(a)/6 

A model is an idea that you have in your mind that you can make into a 
'model' so as you can physically see it. 

B01(a)/8 

Another conceptions refers to the explanatory role of models. A small proportion of students 
(~8% j thought that a model is a simulation of a situation (equations, computer, words): 

A model is usually a model which describes a circumstance or action, such as 
in momentum when two cars crash. They represent these with words, writing 
or simulation. 

B01(a)/64 

A simplified version of a situation, either experimentally or mathematically to 
obtain results which are close to correct, but can be improved by further 
refinement of the model. They are used in physics to find results for practical 
experiments. 

B01(a)/74 

A variation on this conception, held by ~8% of students, is that a model has a heuristic 
purpose (to simplify a phenomenon): 

The model is a simplified structure that can be used to relate calculations to 
the real world. This is much simpler than trying to think of the structure as it 
really is. It is usually used to picture something that is unable to be seen by a 
human eye i.e. electrons in a field round an atom. 

B01(a)/49 

A model is the idea of what something could look like as a model, to help us 
understand better e.g. atoms and molecular structure. 

B01(a)/2 



Question on models in the questionnaire: 

BOl(c) Does a model necessarily have a picture or image associated with it? 



Only a very few students (~2%) explicitly suggested how models come to be formed, by 
observation or analogy, although it is implied by the large numbers of students who adhered 
to models as scaled representations of objects or processes: 

A method where, by analogy, something in everyday life, or something 
already known to us, is used to explain something new or exceedingly 
difficult. 

B01(a)/38 

A model is a representation of something from the real world which is 
simplified to allow easy application of science. 

B01(a)/12 

In the following sections where students' conceptions of multiple models of the atom are 
described another conception of the formation of models is made explicit. That is their 
temporary nature, as knowledge increases may cause models to become obsolete or be 
replaced by an adapted model. 

To complement the open questions on models the questionnaire used in study (S3) also asked 
the students to indicate if Aey agreed or disagreed (using a 5-point response scale) to a series 
of statements on models (see Table 1). A substantial majority of students indicated that 
models are thought up to represent (or describe) an object or process using facts obtained by 
experiment and observation in order to obtain knowledge of nature. Furthermore models have 
an important explanatory or predictive role with regard to phenomena. A model may be 
adapted or replaced by another model as more knowledge becomes available. Students on the 
other hand disagreed with the assertion that all models are mental images, that models always 
provide a complete description of the object or process, or that the only function of models is 
in teaching. Opinions were more or less evenly divided as to whether or not models exist in 
nature, whether the scientist (modeller) has more knowledge than that represented by the 
model, and whether there is a difference between models and theories. Students’ responses to 
these statements are therefore generally consistent with the interpretation of the responses to 
the open questions. 



Table 1: Students' responses to statements on models 



Statements::::;^':'::: •• • • ' 

COl All models are creations of the human 
intellect.. 


72.3 




■'14:4 


C02 All models are representations. (Some are 
purely visual, some can be seen and felt). 


78.3 


6.0 


C03 Any representation that one makes of an 
object, of a structure, or of a process is called a 
model. 


57.8 


15.6 


C04 Models exist in nature. 


27.7 


50 


COS All models are mental images (existing only in 
the human mind). 


31.4 


53.1 


C06 Models are aids that are used to obtain 
knowledge of nature. 


50 


7.2 


C07 A model always provides a complete 
description of the object, structure or process in 
nature that it models. 


8.4 


72.3 


COS A model is formulated using facts obtained by 
experiment and/or observation. 


71.1 


8.4 


C09 The terms model and theory are 
interchangeable. 


26.5 


31.3 


CIO The only function of models in science is in 
teaching. 


18.0 


61.5 


Cll Models are of a temporary nature. With the 
increase of knowledge a model may become 
obsolete or useless and either adapted or replaced 
by another model. 


69.9 


12.0 


C12 A scientist always has more knowledge of an 
object, process or structure than is represented by 
the model itself. 


24.1 


31.3 


C13 An important function of any model is to 
describe something (an object, a structure, or a 
process) in nature. 


67.5 


7.2 


C14 Models play an important role in the 
explanation of phenomena. 


56.6 


6.0 


Cl 5 Models can be used to predict phenomena, 
structures or processes that have not previously 
been observed. 


51.8 


12.0 
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9.2 Students' conceptions of the nature of analogies 

The students were presented with an open question asking about analogies in order to 
investigate their ideas about analogies and how they differ from models^. In analysing 
students' responses a number of viewpoints on the nature of analogies emerge: 

1. Similarity 

2. Aid to understanding 

3. Aid to visualisation 

4. A way of thinking or 'seeing' 

Nearly two-thirds of the students regard an analogy as referring to a similarity or likeness 
between properties or behaviour: 

Analogy - two or more descriptions being linked by certain similarities ... are 
said to be 'analogous' to each other. 

B02(a)/20 

Showing similarities between two things. Like capacitance and a bouncing 

spring with a weight on the bottom of it 

B02(a)/23 

An analogy is also viewed, by ~ 8% of students, as an example of something that helps to 
understand the phenomena: 

Using a simple, everyday example to show how a complicated example works. 
B02(a)/15 

It's a way of associating things with one other to make them easier to 
understand. 

B02(a)/47 

A small number of students (~ 4%) suggest that an analogy is an aid to visualisation, by 
comparing something that can be seen to something that cannot: 

It is when you compare something, you cannot see to something you can. This 
helps you to visualise what is happening. 

B02(a)/14 

When you compare something that is difficult to picture to an everyday event. 
B02(a)/45 

An analogy was also viewed by some students (~ 4%) as a way of thinking or 'seeing' a new 
concept: 

It is a way of thinking. Everything falls into place when you think of light and 
sound behaving this way. 

B02(a)/53 

An analogy is a way of thinking about things, i.e. We cannot see sound or light 
as waves but if we think of them as waves, then it all "adds up". 

B02(a)/51 

Comparing the various conceptions of models and analogies, the principal difference seems 
to be that students regard models as being more concerned with representation while 
analogies are viewed as being concerned with suggesting a way of 'seeing' similarities 
between properties or behaviour. 



^ See the Appendix for a copy of the questionnaire containing question B02 asking about analogies. 



9.3 Students' conceptions of rationale for multiple models 

In the kinetic theory of gases the atom is described or modelled as being like a billiard ball. In 
atomic physics the atom is modelled as consisting of a nucleus and electrons. A question was 
posed which investigated students' rationales for why there should be a number of models for 
the concept of the atom®. A number of rationales for the necessity of multiple models of the 
atom were obtained: 

1. Different levels of explanation 

2. Different aspects of phenomena 

3. Different perspectives 

4. Different purposes 

5. Different knowledge available 

Nearly a quarter of the students felt that different levels of explanation or detailing are 
required for different theories, concepts or levels of education: 

As descriptions do not have to conflict as they only vary in detail as in some 
theories description needed is simple but in others it needs to be complicated 
so different descriptions are required. 

B03(b)/22 

Things can be viewed from different levels of detail. E.g. Things can be 
looked at from a microscopic point of view or a macroscopic point of view. 

B03(b)/79 

Another rationale (held by ~ 16% of students) is that by concentrating on different 
properties or aspects of a phenomena it is possible to have more than one description of the 
same thing (e.g. Ae billiard-ball and nucleus-electrons descriptions of the atom): 

One description describes how it acts, i.e. the atom acts as though it has a hard 
shell like a billiard ball whereas the other description describes what it is made 
of. 

B03(b)/41 

It is possible because each description could describe a different aspect of that 
same thing. 

B03(b)/50 

There are multiple descriptions of the atom (e.g. the billiard-ball and nucleus-electrons 
descriptions) as different people have differing perspectives based on their experiences 
(held by ~16% of students): 

Because everyone looks at things differently so there is likely to be different 
descriptions from different people. Also if you are required to go into depth 
you may have to give a more detailed description. 

B03(b)/8 

By relating a scientific process to an analogous commonly known one, it is 
possible to have many different ways to describe one thing. It all depends on 
the experiences of the person explaining and the person learning. 

B03(b)37 

Some students (~13%) suggested that different descriptions are required for different 
uses, purposes or situations: 



® See the Appendix for a copy of the questionnaire containing question BOS asking about rationales for having 
multiple descriptions or models of the atom. 






It may be easier to think of something in very simple terms for one train of 
thought, but it may be necessary to think about the same thing in more 
complex terms for another. 

B03(b)/51 

The two descriptions are for different purposes; the first to enable (people to 
imagine) ball shaped objects bouncing off each other and others; the second to 
give an idea of the more detailed (actual) structure and to lead on to other 
diings such as the forces between the particles. 

B03(b)/65 

A small percentage of students (~8%) pointed out the temporary nature of models, i.e. the 
view that description depends on the knowledge available: 

Different people see things differently, and it is necessary to remember that as 
time and research progress people become more knowledgeable. It is then that 
you discover you have more than one description for the same thing, neither 
being necessarily wrong. 

B03(b)/14 

Somethings could be described in different ways as more knowledge and 
understan^ng is gained about it. Also a more complex description is different 
to a simple one. 

B03(b)/16 

10. Conclusion 

Figurative thinking lies at the heart of scientific thinking. An understanding by students of the 
nature of metaphors, analogies and models is essential to develop an understanding of the 
nature of science. The empirical results indicate the wide spread of students' conceptions of 
models and analogies. Further work needs to be undertaken to gain an insight into students' 
conceptions of the use and nature of metaphors. 
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Appendix: Questionnaire 

Section B 

UttfoSotuiiy questions art concerned vHtfi fiozo you tfUnliCatiyuqye is usedind^iysics. *Try 
to anszoeradcf the questions as ful^ as possiBCe, 

BOl (a) Scientists often use the word 'model'. Try to explain as fully as possible what is 
meant by a model, and how they are used in physics. 

(b) Give three examples of models used in physics: 

(c) Does a model necessarily have a picture or image associated with it? 

B02 (a) There is said to an analogy between sound and light as both are described as 
being waves. What is meant by the term 'analogy'? 

(b) Give three other examples of analogies used in physics. 

B03 In the kinetic theory of gases the atom is described as being like a billiard ball. In 
atomic physics the atom is now said to consist of a nucleus and electrons. 

(a) Is the second description better? Explain your answer as fully as possible. 

(b) How is it possible to have more than one description for the same thing? 

B04 In many textbooks there is a diagram like the one below, in which an electron is said to 
be in orbit around the nucleus of the atom: 




In some science textbooks, especially chemistry textbooks, when diagrams of atoms are 
drawn they do not show individual electrons in orbit but describe electron orbitals or electron 
clouds. 

Why are there two different models? 

B05 When physicists talk about light being a wave are they describing a literal truth, a 
picture, a metaphor, a model or a vague similarity? Answer as fully as possible. 

B06 (a) Write down three statements about electrons referring to models or metaphors where 
relevant: 

B06 (b) Do you have a picture or image of an 'electron' in your head? If so, describe this 
image. 

B06 (c) Consider the three statements below: 

A The theory of electrons is only useful in making correct predictions. 

B Electrons are a convenient fiction for co-ordinating the results of observations. 






C Electrons really exist independently of theories. 

With which statement do you most agree with? 

Explain your choice. 

B07 (a) Student A writes in an essay: 

It is hard to know what light is "really" like but it is as if it consists of tiny 
particles called photons. 

Student B comments that she shouldn't use the words 'as if, since light really does consist of 
particles. What do you think? 

(b) Do you have a picture or image of a 'photon' in your head? If so, describe this image. 

(c) Student C writes in response to a question that: 

Light can be modelled using both wave and particle models. 

Student D argues that you cannot use two models for the same phenomena. Light is either 
waves or particles, but not both. What do you think? 

Section C 7or each of the statements BeCoto consider to zofiat er^tent you agree unth it, andgive it a 
ratjngonal to S sude By drcGstg one aftBenumhers: 

1 means that you Strongly Agree with it 

2 means that you Agree with it 

3 means that you have No Strong Opinion about it 

4 means that you Disagree with it 

5 means that you Strongly Disagree with it 

nhen in the space underneath each statement try to acpCain your anszoer. 

^iod each statement careful^ andgive an answer and erqplanation togdcf tfie questions. 

COl All models are creations of the human intellect. 

C02 All models are representations. (Some are purely visual, some can be seen and felt). 

COS Any representation that one makes of an object, of a structure, or of a process is c^led a 
model. 

C04 Models exist in nature. 

COS All models are mental images (existing only in the human mind). 

C06 Models are aids that are used to obtain knowledge of nature. 

C07 A model always provides a complete description of the object, structure or process in 
nature that it models. 

COS A model is formulated using facts obtained by experiment and/or observation. 

C09 The terms model and theory are interchangeable. 

CIO The only function of models in science is in teaching. 

Cl 1 Models are of a temporary nature. With the increase of knowledge a model may become 
obsolete or useless and either adapted or replaced by another model. 

C12 A scientist always has more knowledge of an object, process or structure than is 
represented by the model itself. 

C13 An important function of any model is to describe something (an object, a structure, or a 
process) in nature. 

C14 Models play an important role in the explanation of phenomena. 

CIS Models can be used to predict phenomena, structures or processes that have not 
previously been observed. 
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